Research findings implicate cerebral glutamate in the pathophysiology of schizophrenia, including genetic studies reporting associations with glutamatergic neurotransmission. The extent to which aberrant glutamate levels can be explained by genetic factors is unknown, and if glutamate can serve as a marker of genetic susceptibility for schizophrenia remains to be established. We investigated the heritability of cerebral glutamate levels and whether a potential association with schizophrenia spectrum disorders could be explained by genetic factors. Twenty-three monozygotic (MZ) and 20 dizygotic (DZ) proband pairs con-or discordant for schizophrenia spectrum disorders, along with healthy control pairs (MZ = 28, DZ = 18) were recruited via the National Danish Twin Register and the Psychiatric Central Register (17 additional twins were scanned without their siblings). Glutamate levels in the left thalamus and the anterior cingulate cortex (ACC) were measured using 1[H]-magnetic resonance spectroscopy at 3 Tesla and analyzed by structural equation modeling. Glutamate levels in the left thalamus were heritable and positively correlated with liability for schizophrenia spectrum disorders (phenotypic correlation, 0.16, [0.02-0.29]; p = 0.010). The correlation was explained by common genes influencing both the levels of glutamate and liability for schizophrenia spectrum disorders. In the ACC, glutamate and glx levels were heritable, but not correlated to disease liability. Increases in thalamic glutamate levels found in schizophrenia spectrum disorders are explained by genetic influences related to the disease, and as such the measure could be a potential marker of genetic susceptibility, useful in early detection and stratification of patients with psychosis.
INTRODUCTION
Schizophrenia constitutes a heterogeneous phenotype with a complex etiology, but clinical, animal, and genetic studies have supported the involvement of glutamate metabolism in its pathophysiology [1] [2] [3] [4] [5] . However, the extent to which aberrant glutamate concentration and disease liability are founded in common genes remains to be established.
Glutamatergic disturbances have been suggested to precede the dopaminergic changes observed in schizophrenia [6] , or to represent a separate pathophysiological entity [7] . In vivo, differences in concentrations of glutamate, glutamine, or glx (glutamate + glutamine) can be investigated with proton magnetic resonance spectroscopy (MRS). Findings depend on the region(s) studied [8] and are putatively influenced by age [1] , and antipsychotic medication status [8, 9] . Compared with healthy controls (HCs) higher levels of glutamate and glutamine in the thalamus have been found in both the antipsychotic naive [10] [11] [12] and in the medicated state [13] , whereas unaltered glutamate, glutamine, and glx levels are described in chronic, as well as in minimally treated and medication-free patients [14] [15] [16] [17] . Moreover a recent meta-analysis found glutamine to be increased and glutamate unaltered in the thalamus [2] . Similarly, the findings in the anterior cingulate cortex (ACC) are diverse. Here glutamate is found unaltered in antipsychotic naive [11, 18] and minimally treated [17, 19, 20] patients with schizophrenia, but reports of increased glutamine levels in antipsychotic naive patients [11, 18] are supported by findings of increased glx levels in the overlapping medial prefrontal cortical region of unmedicated patients ( [21, 22] ). Unaltered glutamine levels in first episode [23] and lower glx levels in antipsychotic naive patients [24] are also reported in prefrontal cortex. Studies in chronic patients have generally found decreased [13, 25, 26] or unaltered [27, 28] levels of glutamate and glutamine in the ACC. For a comprehensive meta-analysis, see [2] .
Only one previous MRS study has reported on cerebral glutamate levels in twins discordant for schizophrenia, but did not estimate heritability [29] . Lutkenhoff and colleagues have found indications of decreased glutamate levels in the medial prefrontal cortex of probands and unaffected co-twins, suggesting that glutamate may be a state-independent marker for schizophrenia liability and be altered in unaffected family members. MRS studies of clinical high-risk subjects have reported lower thalamic (but not ACC) glutamate levels relative to controls [30] [31] [32] . In contrast, in familial high-risk subjects higher glx was reported in the thalamus [33] . The latter result is in accordance with findings in patients and suggests a specific familial and likely genetic, influence on glutamate in this region. Genetic influences on cerebral glutamate were also detected in an MRS twin study in children with autism spectrum disorder where glx was found to be heritable in the thalamus [34] . Since schizophrenia itself is highly heritable [35] , and abnormal glutamate levels appear to be influenced by genetic factors, it is possible that the same genes influence both traits. To our knowledge, this has not been tested in a discordant twin study design [36, 37] .
Other metabolites ordinarily estimated with 1[H] (proton)-MRS at 3 Tesla are N-acetyl aspartate (NAA), choline (Cho), creatinine (Cr), and myo-inositol (MI). The heritability of these metabolites has been studied in a group of older healthy twins (mean age 72 years) [38] where Batouli et al. found all metabolites (glutamate was not measured) to be significantly heritable in the posterior cingulate cortex. Heritability was most pronounced for NAA, a marker of neuronal integrity. MRS studies in patients with chronic schizophrenia have reported lower levels of NAA in the frontal lobe, the thalamus, the temporal lobe, and the hippocampus. Cr, Cho, and MI levels have generally been found to be unaltered in schizophrenia (reviewed in [39] [40] [41] ).
In the present study, we investigated whether glutamate levels in the left thalamus and the ACC are heritable and altered in schizophrenia spectrum disorder (ICD-10 F2x.x), and whether glutamate levels and liability for disease are influenced by common genetic effects. In secondary analyses, we performed Participants A total of 219 subjects agreed to participate, from whom 11 were excluded according to the criteria listed below and 13 did not conclude MRS, leaving a total of 195 participants for the current study. The study population consisted of 23 complete MZ and 20 complete DZ twin pairs con-or discordant for a schizophrenia spectrum diagnosis (see Table S1 for proband subdiagnoses and co-twin diagnoses), and 28 complete MZ and 18 complete DZ HC pairs. Seventeen additional twins were scanned without their siblings ( Table 1 ). All DZ pairs were same sex pairs. Of the unaffected co-twins, five (10%) had a psychiatric diagnosis. In the MZ group, one had depression, one had phobia, and one had Asperger syndrome, and in the DZ group one had depression and one had a personality disorder (Table S1 ). Inclusion criteria for proband pairs are described under "Recruitment". HC pairs furthermore had to be mentally healthy and match proband pairs with regard to age, sex, and zygosity. General exclusion criteria: serious head trauma (loss of consciousness >5 min), addiction to drugs/alcohol, serious physical illness, and pregnancy. Additional exclusion criteria for HC pairs: no major psychosis or affective diagnosis in first-degree relatives (F2x.x, F30, F31, and F32.3). Semi-structured diagnostic interviews were conducted by Schedules for Clinical Assessment in Neuropsychiatry (SCAN) [45] and H-MRS data were acquired on a 3-Tesla Philips Achieva system (Philips, Best, The Netherlands) equipped with a 32-channel head coil (Invivo, Orlando, Florida). The system was upgraded approximately halfway through inclusion, but care was taken to balance groups before and after the upgrade, and all twin pairs were scanned on the same or nearly the same date avoiding any twin pair being scanned across the upgrade. Eight volunteers were scanned before and after the upgrade for which, no significant differences were found in metabolite levels (by paired t-test). One ACC voxel (20 × 20 × 20 mm 3 ) was positioned bilaterally covering Brodman areas 24 and 32. Another voxel was positioned in the left thalamus (15 × 20 × 20 mm 3 ), see Figs. 1a, b for voxel placement. Spectra were acquired using a Point-Resolved Spectroscopy Sequence (PRESS) (TR = 3000 ms, TE = 30 ms, 96 averages) and analyzed using LCModel version 6.3-1 J (Provencher 1993). Spectral quality allowed for reliable assessment of glutamate (predefined primary measure), glx (glutamate + glutamine, for comparison with studies reporting on glx), NAA, total Cho (GPC + PCh), creatine (Cr + PCr), and MI, see Figs. 1c, d for representative spectra. Internal non-water suppressed acquisition was used as a reference and all metabolite values were corrected for cerebrospinal fluid contamination as described in Supplementary Material.
Quality control of MRS measures
A total of 15 spectra in the ACC and 13 in the thalamus were discarded due to acquisition error or by visual inspection, leaving a total of 180 spectra in the ACC and 182 in the thalamus (Table S2 and S3). The full-width at half maximum (FWHM) of the unsuppressed water resonance was below 12 Hz for all spectra and the Cramer-Rao Lower bound (CRLB) for all metabolites included in the analysis were below 12%. Quality control procedures including FWHM, CRLB, and signal to noise ratio (SNR) analyses are described in detail in the Supplementary Material.
Statistical analyses
Demographic variables, clinical characteristics, and metabolite levels are reported as frequencies, mean values (standard deviations), or percentages in Table 1 and Table S3 . Outlier detection excluded metabolite levels differing >3 standard deviations from the mean of the total sample, see Table S2 and S3.
To disentangle the genetic and environmental influences on a trait, the twin model uses the fact that MZ twins share (almost) 100% of their genes, whereas DZ twins share on average 50% of their segregating genes. If MZ twins are more alike than DZ twins, this indicates that a genetic factor explains variation between individuals. If MZ and DZ twins are alike to an equal extent, as indicated by significant, but not different correlations between members of a twin pair within the MZ and DZ groups, then common environmental factors are assumed to play a role. The model including both these factors is usually referred to as an ACE model, including A (additive genetic), C (common environmental) and E (unique environmental, including measurement error) factors [37] . Heritability h 2 can then be defined as the proportion of variance explained by additive genetic factors (A/(A + C + E)). Correspondingly, effects of common and unique environmental factors can be determined by c 2 = C/(A + C + E) and e 2 = E/(A + C + E), respectively. Cross-trait cross-twin correlations (in this case between disease liability and metabolites) within the MZ and DZ groups provide information on the genetic overlap between two traits. A phenotypic correlation r ph can therefore be separated into a genetic r ph-a , a common environmental r ph-c , and a unique environmental component r ph-e . The genetic component r ph-a represents the correlation that would have been observed if only genetic factors were taken into account. It is a function of the genetic correlation, indicating whether the same genetic factors are explaining variation between individuals for both traits, and the heritability of both individual traits [47] . The significance of variance components was determined by comparing the difference between −2 * log-likelihood of the full model and −2 * loglikelihood of a model in which the h 2 , c 2 or both for metabolite concentration were constrained at zero, which follows a mixture of chi-square distributions [48] .
, we then determined the best fitting model (either AE or CE for metabolite concentration) based on the Akaike Information Criterion (AIC). Significance of correlations was based on the 95% confidence intervals.
The OpenMx software package (version 2.3.1; [49] ) installed on the R platform (version 3.1.2) was used for twin model setup and analyses via structural equation modeling (SEM). The liability threshold for schizophrenia spectrum disorder was fixed in correspondence with an overall population prevalence of 1.85% [35] . Heritability (h 2 ) of schizophrenia spectrum disorder was fixed at 73% and unique environmental influences on liability for schizophrenia spectrum disorder were assumed to be 27% (based on estimates in the Danish population [35] ). All metabolite variables (six metabolites in two structures) were corrected for age, sex, scanner upgrade (using a binary variable for correction), and gray matter fraction using a linear model (effects of these variables on metabolites are listed in Supplementary Table S4 ). Significance of correlations was based on 95% confidence intervals. Further description of genetic modeling can be found in the Supplementary Material. Glutamate levels corrected for effects of gender, age, and scanner upgrade (residuals) were submitted to general linear model analyses to determine the influences of duration of illness, PANSS total scores, handedness (Edinburgh Handedness Inventory), and use of current antipsychotic medication (binary variable) separately.
RESULTS

Heritability of metabolites
Heritability estimates and contributions of common and unique environmental influences from the full ACE model for metabolites can be found in Table 2 . Significant genetic influences were found in the full ACE model for both glutamate (16%) and glx (31%) in the thalamus, Cho in both the ACC (38%), and the thalamus (60%), and Cr (37%) and MI (33%) in the ACC. Based on a significant familial variance component and the AIC, the AE model was the best fitting model for glutamate, glx, Cho in the thalamus and the ACC, and NAA, MI and Cr in the ACC, showing heritability estimates of 16 to 60%. Notably, in the AE model a significant contribution of genetic factors was found for glutamate and glx not only in the thalamus, but also in the ACC; see Table 2 .
Associations of metabolites with schizophrenia spectrum disorder (F2x.x) Glutamate concentrations in the thalamus were positively correlated with liability for schizophrenia spectrum disorder (r = 0.16; p = 0.03) due to a significant positive genetic part of the correlation (r ph-a = 0.21 [0.04 to 0.36]). This reflects a significant pattern of elevated glutamate levels in patients and MZ co-twins compared with DZ co-twins and even more so compared with HCs in the thalamus (see box plots in Fig. 2 and Figure S2 (of residuals used for analyses) in Supplementary Material. Data for glx are presented in Figure S3 ). The effect is detected by using structural equation modeling even though there was no significant effect of group when using analysis of variance (ANOVA). Metabolite concentrations in the ACC were negatively correlated with schizophrenia spectrum liability for NAA (r = −0.16; p = 0.02) and for Cr (r = −0.25; p = 0.006). For NAA, Heritability of cerebral glutamate levels and their association with. . . CS Legind et al. In all cases, the heritability of liability for schizophrenia spectrum disorders was fixed at 73%, and unique environmental influences were 27%. Prevalence of schizophrenia spectrum disorders was fixed at 1.85%. Spectra with poor quality (e.g., CRLB > 20%) and outliers of > 3 standard deviations were excluded, the number of subjects included in each analysis is denoted by N.
Significant results are displayed in bold. Table 2 , for overview.
ACC
Correlations to clinical measures and current use of antipsychotic medication We did not find duration of illness, PANSS total scores, handedness, or current medication to influence levels of glutamate neither in the ACC nor in the left thalamus of patients (all p > 0.05).
Additional analyses of probands with narrow schizophrenia diagnosis (F20.x) We repeated our analyses excluding the proband pairs in which the patients did not meet the narrow F20.x criterion for schizophrenia. The main results from these analyses include very similar findings of heritability for glutamate (19%) and glx (36%) in the left thalamus. However, significant correlation to disease liability could only be established for Cr in the ACC in this smaller sample (see Supplementary Material for a description and Table S5 for results).
Quality control of MRS measures
In the ACC, a significant effect of group was detected for SNR, with post-hoc test showing a lower SNR for MZ probands and MZ Cotwins compared with DZ Co-twins and HC, see Table S2 in Supplementary Material.
DISCUSSION
We found glutamate levels in the ACC and the left thalamus to be heritable (h 2 = 29 and 16%, respectively) and positively correlated to schizophrenia spectrum liability in the left thalamus. In subsequent analyses, the correlation to disease liability proved to be carried by common genes influencing both glutamate levels in the left thalamus and liability for schizophrenia spectrum disorder. From this, it can be inferred that the aberrant increased glutamate levels found in the left thalamus of patients can be explained by genetic factors. A finding of common genetic influences on disease liability and increased glutamate levels in the left thalamus means that glutamate levels in unaffected MZ co-twins are increased compared with unaffected DZ co-twins and even more so compared with HCs [50] (see Fig. 2 ). The glutamate and glx levels in the MZ co-twins were comparable to those in patients.
The finding of common genetic influences on glutamate levels in the thalamus and disease in our study is supported by a report of higher glx levels in the thalamus of subjects at increased familial risk for schizophrenia [33] , and a recent study linking higher glx levels to glutamate-related genes associated with risk for schizophrenia [5] . The current heritability estimates are in line with the heritability estimate of glx in the thalamus reported in a twin study in children with autism and controls [34] , suggesting a generalizability of the heritability estimate across populations. The present study could not confirm exploratory findings from a MRS study of 2 MZ and 12 DZ twin pairs discordant for schizophrenia describing decreased glutamate levels in the ACC of patients and unaffected co-twins [29] . Our current findings do not support glutamate in ACC as a trait marker for schizophrenia risk, since no significant differences between groups were found in the ACC, and glutamate levels in MZ co-twins were numerically higher than in HC while patients had lower levels (possibly due to effects of antipsychotic medication).
Glutamatergic alterations in the thalamus have long been hypothesized to play a central part in the pathophysiology of schizophrenia [51, 52] . This is supported by studies of antipsychotic naive first episode [10, 11] , as well as chronic [13] schizophrenia patients, reporting higher glutamate and glutamine levels in the thalamus, though the metabolites are found unaltered in a study of minimally treated patients at 4 Tesla [17] and a meta-analysis only found alterations of glutamine in patients with schizophrenia [2] . Together with the current data, the evidence points to a possible dysfunction of glutamate metabolism in the thalamus in patients with schizophrenia irrespective of the phase of the illness. An effect that, according to current findings of shared genetic influences on glutamate levels in thalamus and disease liability, may be carried by genetic factors. The absence of an association between the ACC glutamate levels and disease in our study is in line with a recent meta-analysis [2] . Voxel position could influence Fig. 2 Glutamate levels across twin groups. Box plots showing the glutamate levels in institutional units/H 2 O for patients; monozygotic (MZ) co-twins; dizygotic (DZ) co-twins, and control twins (HC), in the anterior cingulate cortex (ACC) and the left thalamus. The whiskers indicate 1.5 times the interquartile range. By using structural equation modeling, a significant pattern of increased glutamate levels in MZ cotwins compared with DZ co-twins and even more so compared with healthy controls was found in the left thalamus. The glutamate levels in the patients are comparable to those in MZ co-twins in the left thalamus but numerically lower in the ACC results in ACC since findings of increased glutamate or glx levels are reported in studies of a more ventral (pregenual) voxel [21, 53] , whereas unaltered metabolite levels are reported in a more dorsal voxel placement [19, 20] , similar to the one in the current study. In the ACC, we found no significant difference in glutamate or glx levels between groups but numerically the unaffected MZ cotwins had the highest concentration and patients had the lowest (see Figure S2 and S3 in Supplementary Material). This could point to unique environment, such as lifestyle (e.g., tobacco use [54, 55] ) or other disease-or treatment-related processes decreasing glutamate levels in patients. Reductions of glutamate and glx have been reported after antipsychotic treatment [22, 56, 57] , but in the current study we did not find a significant influence of current antipsychotic medication on glutamate levels, possibly due to limited statistical power. No significant effects of disease on glx levels were detected in the current study, possibly due to glutamine being less reliably quantified with a PRESS sequence [58] .
Significant estimates of heritability were also found for NAA (h 2 = 39%), Cr (h 2 = 37%), and MI (h 2 = 33%) in the ACC, and Cho in both the thalamus (h 2 = 60%) and the ACC (h 2 = 38%). Common environmental influence was significant for Cr (c 2 = 29%) in the thalamus. Although the scanned brain regions are different, our findings are in accordance with a study of elderly healthy twins estimating heritability of these metabolites (mean age 72). Using a 1.5 Tesla MRI scanner, Batouli et al. [38] found NAA (h 2 = 72%), Cho (h 2 = 33%), Cr (h 2 = 51%), and MI (h 2 = 55%) to be heritable in the posterior cingulate cortex. In the MRS study of children with autism, contradictory to the current findings in left thalamus, Cho was not found to be heritable but NAA and MI were found heritable in the thalamus bilaterally [34] . These discrepancies with our findings could possibly be due to differences in age, although this is not currently supported. Among these metabolites, we found a negative correlation with schizophrenia spectrum liability for NAA and Cr in the ACC. The present findings are in part in agreement with earlier studies in chronic patients. Two meta-analyses [39, 40] have found decreased levels of NAA in the frontal cortex and the thalamus of patients with schizophrenia, but no significant differences of Cr. The correlation between schizophrenia spectrum liability and NAA, generally considered to be a marker for neuronal health [59] , and Cr, involved in neuronal metabolism [60] , could point to an altered neuronal viability and energy expenditure in schizophrenia. The negative correlation between schizophrenia spectrum liability and Cr is explained by genetic influences and emphasizes this metabolite as a candidate genetic marker.
By using register-based inclusion, this study largely avoids inclusion bias and enables effective match on age and sex. The study is limited by including the broader schizophrenia spectrum, but in the analyses of the subgroup of patients with a narrow schizophrenia diagnosis (ICD-10 F20.x as opposed to F2x.x) the observed heritability results were consistent with results based on the total sample. This corresponds to earlier work from our group finding comparable heritability estimates of schizophrenia spectrum disorder 73% and schizophrenia 79% in the largest twin sample to date [35] . The variability in duration of illness was partly addressed by correcting the data for age of the included subjects. Medication of the probands with antipsychotic compounds is a limitation, but work in progress from our own group, as well as the work from others [2, 10, 11, 13] suggest that abnormalities of glutamate metabolism are present in both antipsychotic naive and chronic patients. Moreover, in the present study we did not find an effect of current use of antipsychotic medication on glutamate levels. Quality control showed a smaller SNR for MZ proband pairs compared with DZ co-twins and HC (Table S2 ) potentially leading to an underestimation of genetic effects.
It should be noted that the co-twins, though unaffected by schizophrenia spectrum disorders, are to some extent influenced by other psychiatric disease processes (Table S1 ). Furthermore, reservations due to the inability to distinguish glutamate in the synapse from vesicular or metabolic glutamate are relevant, since the current MRS techniques do not provide this possibility. However, a recent study found increases in glutamate levels in the ACC upon activation by a cognitive task [61] , suggesting that the measured glutamate may be an indicator of glutamatergic signaling. Finally, on account of noise being included in unique environmental influences, we cannot disentangle true unique environment from noise.
In conclusion, the present study provides estimates of heritability for cerebral glutamate levels in the left thalamus and the ACC and finds a genetic association between the glutamate levels in the left thalamus and liability for schizophrenia spectrum disorder in the same cohort. Together, this establishes alterations in thalamic glutamate levels as a possible genetic marker for schizophrenia.
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